Ultrashort laser pulses have thus far been used in two distinct modes. In the time domain, the pulses have allowed probing and manipulation of dynamics on a subpicosecond timescale. More recently, phase stabilization has produced optical frequency combs with absolute frequency reference across a broad bandwidth. Here we combine these two applications in a spectroscopic study of Rb atoms. A widebandwidth, phase-stabilized femtosecond laser is used to monitor the real-time dynamic evolution of population transfer. Coherent pulse accumulation and quantum interference effects are observed and well modeled by theory. At the same time, the narrow linewidth of individual comb lines permits a precise and efficient determination of the global energy level structure, providing a direct connection among the optical, terahertz, and radio frequency domains. The mechanical action of 1 the optical frequency comb on the atomic sample is explored and controlled, leading to precision spectroscopy with a significant reduction in systematic errors.
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Introduction. Ultrashort laser pulses have given a remarkably detailed picture of photophysical dynamics. In studies of alkali atoms (1) and diatomics (2) in particular, coherent wave packet motion has been observed and even actively controlled. However, the broad bandwidth of these pulses has prevented a simultaneous high precision measurement of state energies. At the expense of losing any direct observation or control of coherent dynamics, precision spectroscopy enabled by continuous wave (cw) lasers has been one of the most important fields of modern scientific research, providing the experimental underpinning of quantum mechanics and quantum electrodynamics.
This trade-off between the time and frequency domains might seem fundamental, but in fact it results from pulse to pulse phase fluctuations in laser operation. The recent introduction of phase-stabilized, wide-bandwidth frequency combs based on modelocked femtosecond lasers has provided a direct connection between these two domains (3, 4) . Many labs have constructed frequency combs establishing optical frequency markers directly linked to a microwave or optical standard, covering a variety of spectral intervals. Atomic and molecular structural information can now be probed over a broad spectral range, with vastly improved measurement precision and accuracy enabled by this absolute frequency-based approach (5) . One of the direct applications is the development of optical atomic clocks (6) (7) (8) . To date, however, traditional cw laser-based spectroscopic approaches have been essential to all of these experiments, with frequency combs serving only as reference rulers (9) .
Here we take advantage of the phase stable femtosecond pulse train to bridge the fields of high resolution spectroscopy and ultrafast dynamics. This approach of Direct Frequency Comb Spectroscopy (DFCS) uses light from a comb of appropriate structure to directly interrogate a multitude of atomic levels and to study time-dependent quantum coherence. DFCS allows time-resolved studies of coherent and incoherent dynamics: We demonstrate coherent pulse accumulation, quantum interference, and global incoherent optical pumping.
At the same time, DFCS exploits massively parallel spectral probing in the frequency domain with a comb bandwidth spanning tens to hundreds of terahertz (10) , providing a systematic-free connection among various spectroscopic windows of interest. The optical coherence of a phase-stabilized pulse train provides a spectral resolving power approaching that of state-of-the-art cw lasers. Two-Photon DFCS. Our experimental prototype system to study DFCS is a set of twophoton transitions from the ground state 5S 1/2 to the excited 5D 3/2 and 5D 5/2 states in lasercooled 87 Rb atoms (Fig. 1) The optical frequency of a particular comb mode can be expressed as ν n = n f r + f 0 , where f r is the pulse repetition rate, f 0 is the carrier-envelope offset frequency, and n is an integer on the order of 10 6 . Ultra-low phase noise radio frequency oscillators or ultra-stable lasers are used to control the optical comb (11) . The sum frequency of the light from two comb lines labeled by m and n is given by ν 2γ = (m+n) f r + 2 f 0 . There are several hundred thousand comb pairs (m, n) that yield the same sum frequency and thus could contribute to the transition amplitude when ν 2γ is resonant with the two-photon transition (δ SD ~ 0 as shown in Fig. 1 ). However, it is necessary to consider the intermediate 5P states that provide resonant enhancement. When one of the comb lines is tuned near resonance with one of the 5S -5P transitions (δ SP ~ 0 as shown in Fig. 1 ), the resonant enhancement causes the corresponding pair to make the dominant contribution to the two-photon transition over all of the other pairs. The dominance is reinforced by destructive quantum interference between comb pairs symmetrically detuned on either side of the P-state resulting in ~ 180 0 phase difference (12) . For the non-resonant configuration of comb modes detuned ± k f r /2 (k ≥ 1, odd integer) away from the P-state, with all pairs satisfying the two-photon resonance, the transition amplitudes associated with (+k) and (-k) modes will again destructively interfere. However, there will be a net non-resonant contribution due mainly to the existence of multiple P-states that break the symmetry of the comb distribution. This destructive interference can be made constructive by flipping the spectral phase about the P-state (12) . Given the two degrees of freedom associated with f r and f 0 , it is always possible to tune a comb to satisfy the two-photon as well as single-photon resonance with any desired intermediate P state. Phase coherence among transition pathways excited by different combinations of comb modes can cause multi-path-quantum-interference effects on the transition probability. The two-photon-transition spectrum is obtained by scanning f r or f 0 ; their precisely known values, along with (m, n), determine all relevant atomic energy levels in absolute terms.
Traditionally, Doppler-free two-photon spectroscopy has been carried out with two equalfrequency cw laser beams propagating in opposite directions. The two-photon transition rate was resonantly enhanced via available intermediate states using either two different excitation laser frequencies (13) or high-velocity atomic beams (14) . High-resolution twophoton spectroscopy using picosecond pulsed light, hence without any significant intermediate state interaction or absolute frequency reference, has been previously demonstrated (15, 16) .
The preceding discussion in the frequency domain, based on an interpretation of the laser spectrum as a set of discrete lines, is complemented by the time-domain multi-pulse interaction picture, also depicted in Fig. 1 . The pulse-to-pulse optical coherence gives the spectrum its discrete nature, and the time over which optical coherence is maintained determines the width of each line in the comb. The relevant laser parameters for describing the interaction are the inter-pulse period τ = 1/f r , the carrier envelope phase evolution between successive pulses ∆φ, the pulse duration and its associated area. For times short compared to the atomic decoherence time, the femtosecond pulse train drives the atomic coherence in phase such that a multiple-pulse excitation is coherently built up for resonant atomic states. At longer times, however, the coherence in the optical field can no longer be transferred to the atom due to the finite atomic coherence time. Incoherent processes such as optical pumping then govern the population transfer dynamics. This multi-pulse interference, combined with a large pulse bandwidth, gives an interesting variation and generalization of the traditional Ramsey technique.
Modeling coherent interactions. The interaction of the femtosecond comb with the atoms was modeled via the Liouville equation for the density matrix of all the atomic states in the laser bandwidth accessible through two-photon absorption, with radiative relaxation included via phenomenological decay terms. The density matrix equations were solved using a perturbative expansion in the field to fourth order. With the approximation of impulsive optical excitation during the pulse, followed by free evolution and decay, an iterative procedure was used to determine the state of the atomic system after any number of pulses (17, 18) . The model includes the fine and hyperfine structure of the 5S, 5P, and A cw repumping laser controlled the initial populations of the two ground state hyperfine levels. During the actual probing period, the femtosecond comb itself acts as a repumper, allowing one to maintain a stable population in the initial ground state. The population in the 5D state decays to the 6P state, and the subsequent fluorescent decay at 420 nm from 6P
to 5S was detected with a photomultiplier, used in photon counting mode. The counts were then binned on a multichannel analyzer with a typical integration time of 10 µs and this signal was averaged over hundreds of 20-ms MOT cycles.
Scanning f r gives a full spectrum. Figure 3 shows the two-photon transition spectrum obtained by scanning f r for a fixed value of f 0 using linearly polarized light. Also shown is the corresponding theoretical spectrum for the set of parameters used in the experiment.
The two insets show signal magnitude on a logarithmic scale to enhance the visibility of the smaller peaks. A total of 39 pathways and 14 transitions have been identified for the 5S 1/2 → 5D 3/2 and 5S 1/2 → 5D 5/2 two-photon resonances. The optical frequency for the twophoton transitions is ~770 THz, an f r harmonic on the order of 7.7 * 10 6 . Therefore, the two-photon resonance condition is satisfied every time f r is changed by ~ 13 Hz, corresponding to a change in the comb frequency by f r /2 for the mode orders around 3.85 * 10 6 . However, the data (Fig. 3) clearly show that the larger, one-photon resonantly enhanced peaks repeat after a change of f r by ~26 Hz. As mentioned earlier, for the resonantly enhanced peaks the pair of comb modes that is actually tuned onto the 5S -5P
and 5P -5D resonances makes the dominant contribution to the two-photon transition rate.
The peak corresponding to non-resonant excitation of the 5S 1/2 (F=2) → 5P 3/2 (F=3) → Mechanical action of the probe. While the sub-Doppler temperature established by polarization-gradient cooling provides an ideal initial condition for spectroscopy, it cannot be expected to survive the momentum transferred by the light from the comb. At best, the mean square momentum will increase, leading to Doppler broadening. Worse, the momentum acquired may lead to systematic shifts in the resonance line positions. Thus we seek to understand momentum transfer from the comb and to mitigate its effects insofar as possible.
We expect that the momentum transfer is dominated by the interaction of the comb mode closest to resonance with the 5S-5P transition, given that the radiative decay rate of the 5P-5S transition is an order of magnitude greater than that of 5D-5P, and the population largely resides in the 5S state. For ease of modeling, we used a single beam (traveling wave)
configuration, and chose a comb structure such that the closed 5S 1/2 (F=2) → 5P 3/2 (F=3) → 5D 5/2 (F=4) transition is dominant. The temporal signal evolution is shown in Fig. 4 for the initial detunings of δ SP = 0 (○), δ SP = 1 MHz (▽), and δ SP = 2 MHz (◇). In the fully resonant case (○), the delayed signal peak at 30 microseconds reflects the switching time of our liquid crystal shutter. The subsequent decay arises as the accumulated momentum transfer gradually blue-shifts the atoms out of two-photon resonance. Although the S -P transition controls the mechanical action, the two photon resonance condition plays a more decisive role in the observed signal decay due to the ten-times-narrower D state linewidth. When δ SP = 1 MHz (▽), the atoms, initially with δ SD = 2 MHz, will only reach the peak of the two-photon resonance after they have reached the velocity at which the Doppler shift compensates the initial detuning. Beyond this velocity, the signal contribution decreases.
Similarly, when δ SP = 2 MHz (◇), the signal peaks still later.
All three experimental results agree well with our theory (solid lines in Fig. 4 ) based on a simple two-level dissipative light force model. The peak position is determined by the scattering rate, photon recoil, and the initial detunings. The width and shape of the peak are associated with the stochastic nature of radiation pressure, the intensity variation over the radial beam profile, and the finite laser linewidth. It is evident that the force exerted on an atom by the optical comb is well modeled by the radiation pressure due to a single comb mode tuned close to the 5S-5P resonance.
As a first step in mitigating the effect of light-induced momentum transfer, we used intensity-balanced counter-propagating beams. Despite the fact that the pulses do not overlap temporally inside the atomic cloud, they do interact with the same group of atoms within the atomic coherence time, leading to a signal enhancement by a factor of four For the case of δ SP ≈ -4 MHz, the intermediate state detuning is always red as the twophoton resonance is probed. The red-detuned comb mode helps to maintain a symmetric absorption lineshape even after 300 µs, as confirmed by the corresponding profile (Fig. 5 (c), red square). Thus, a judicious choice of comb structure can help to mitigate the heating of the sample caused by the probing beam. From Fig. 5 (a) and (b) we also observe quite different signal decay rates versus observation time. A reduced signal decay rate attributed to less heating in the red-detuned case compared to the blue detuned case is reflected in the asymmetric curve around δ SP = 0 ( Fig. 5 (d) ).
AC Stark shift. Another systematic source of error is the light-induced AC-Stark shift on
various atomic states to be measured. In order to assess this effect in the presence of many comb modes, we again took advantage of the flexibility in control of f r and f 0 to vary δ SP while keeping δ SD nearly zero for the closed transition. In this near-resonance step-wise transition case, a non-vanishing value of δ SP causes a shift in the measured two-photon transition frequency (19) . To clearly distinguish the AC-Stark shift from mechanical actions, the power of the pulses was gradually increased as the laser shutter opened. For both δ SP = + 4 MHz (△) and δ SP = -4 MHz (□) cases, the AC Stark shifts are present as soon as the laser is turned on and the transition frequency shift follows the time-evolution of the peak power of the pulse train ( Fig. 6 (a) ). When δ SP = 0 (○), the measured AC Stark shift is close to zero when the shutter just opens. The frequency shift measured at later times is attributed to the accumulated photon momentum transfer, which is reduced in the Absolute frequency measurement. With the understanding of systematic effects, we have analyzed spectra similar to the ones shown in Fig. 3 and Fig. 6 (a) to construct a table of absolute transition frequencies from 5S to 5P and to 5D (Table 1) . Some representative transition frequencies are determined directly from the comb structure and given in the table, along with comparisons to available published values (20) (21) (22) . Without any prior information of the 7S energy levels, we have also determined their absolute transition frequencies (23) by scanning the resonances for two sufficiently different values of f r to determine the corresponding comb mode numbers. A single optical comb thus provides atomic structural information in the optical, terahertz, and radio frequency spectral domains. The measurement accuracy is currently a few kHz to a few tens of kHz for the D states and of order one hundred kHz for the P states, comparable to the highest resolution cw-laser based measurements. To determine the absolute frequencies of the 5S -5P transition we have scanned the P-state directly, using a set of f r and f 0 pairs that have a range of detunings from the P-state and are all two-photon resonant. Retrieving the actual P-state lineshape requires normalization based on our density matrix model to remove the optical pumping caused by varying detunings from other P states.
Implications and application of DFCS. The resolution of DFCS can be improved by locking the femtosecond laser to a cavity that has been used to reduce the linewidth to below 100 Hz (24) . Similarly, a larger signal can be obtained by using a laser with a higher repetition rate; for example, a 1 GHz laser with the same average power and spectral width could increase the signal up to a 100 fold (25) . One practical consequence of these results is a method to control both degrees of freedom of the femtosecond comb directly by an optical transition in cold atoms. Another interesting application of the demonstrated pulse accumulation effect is laser cooling of atoms that require coherent UV light not easily accessible by conventional laser sources (26) . For general coherent control experiments, pulse accumulation (when enabled by long coherence times) can complement spectral amplitude and phase manipulations, leading to improved efficiency in population control with the added spectral resolution due to multiple pulse interference. The precise and phase-coherent pulse accumulation may prove particularly useful in efficiently populating atomic Rydberg states for quantum information processing. Although the current experiment involves two-photon transitions, the advantages of DFCS should apply equally to single-photon and multi-photon excitations. Multiple ultrafast lasers with optical spectra independently tailored for different spectroscopic features could be phase coherently stitched together (27, 28) to further extend the utility of this approach. (b) The corresponding 5D resonance lineshape versus the number of pulses. In the first 10 pulses, the comb structure is not developed sufficiently to offer appreciable signal or resolution. The decay rate of the peak signal is reduced when the comb mode is tuned below, rather than on or above, S -P resonance: thus appropriately engineered comb modes can mechanically confine atoms for longer interrogation times. 
